The nitriding of the AA5052 aluminum alloy was carried out using an electron beam excited plasma (EBEP) technique. The specimen was characterized with respect to the following properties: crystallographic structure (X-ray powder diffraction) and the surface and cross sectional microstructures of the nitrided layer (AlN layer) observed by means of scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The AlN layer was uniformly formed on the AA5052 alloy with the thickness of around 4-5 mm. In the AlN layer, pillarshaped grains were formed perpendicular to the surface with different orientations. The average grain size near the interface between the substrate and the AlN layer was smaller than that near the surface of the AlN layer. On the surface of the AlN layer, the nitrogen concentration was high, and in the middle of the AlN layer, it had a constant concentration like aluminum, and the concentration decreased as it approached the interface. The magnesium concentrates at the interface due to the formation of MgAl 2 O 4 .
Introduction
A large number of aluminum alloys are used in the automobile industry due to their light weight, high specific strength and high corrosion resistance, but the hardness of the aluminum alloys is low and the wear resistance is poor. The need for improving the hardness and wear resistance by surface hardening has become increasingly more important. Aluminum nitriding is a method to solve these problems. In addition to the traditional chemical and electrolytic processes, newer plasma aided surface engineering processes have attracted increasing attention, in particular to improving the hardness and wear resistance. [1] [2] [3] [4] [5] [6] Recently, a new electron beam excited plasma (EBEP) source for nitriding was developed by Hara et al. 7, 8) In our previous work, 9) the results of residual stress and microstructure of nitrided AA5052 and AA5083 alloys layer formed by the new EBEP method were compared. The purpose of this study is mainly to clarify the microstructure of the nitrided AA5052 alloy.
Experimental Procedures
The EBEP is sustained by electron impact ionization with an energetic electron beam. It is a source of low pressure plasma, the beam path can be localized in the process chamber and the parameters can be easily controlled. The electron beam was accelerated with a low voltage of 80 V and the electron temperature was 2 eV. The reactor pressure was 0.5 Pa and the plasma density was 10 16 /m 3 . The chemical compositions of the AA5052 are shown in Table 1 . Before nitriding, it was mechanically polished with 800, 1000 and 2000 grit silicon carbide papers. It was then finally polished with 1 mm and 0.5 mm Al 2 O 3 powders.
The X-ray powder diffraction measurements were carried out at the beam line, BL24, in the synchrotron radiation facility, SPring-8, under a beam energy of 10 keV (wavelength of 0.12398 nm). A capillary tube filled with the powder obtained from the surface of the nitrided AA5052 alloy was rotated during the measurement.
The nitrided AA5052 alloy was cut into several sections perpendicular to the surface by a diamond cutter. The cross sections of specimens were mechanically polished using 800, 1000 and 2000 grit silicon carbide papers and then using 3 mm and 0.5 mm colloidal silica. After these treatments, they were prepared for optical microscopy, SEM observations and energy dispersive X-ray analyses (EDX). Some specimens were further treated by ion milling for TEM observation. Figure 1 shows a typical surface microstructure observed by SEM. The AA5052 alloy substrate was nitrided by the EBEP source at 843 K for 2.7 ks. The nitrided layer with the average grain size of 20 mm was formed on the surface of AA5052 alloy as shown in Fig. 1(a) . Figures 1(b) and (c) are high magnification images of Fig. 1(a) . A comparatively uniform nitriding layer was formed and the surface of the nitrided AA5052 alloy is covered with small particles. Figure 2 shows an X-ray power diffraction pattern obtained from the synchrotron radiation facility, SPring-8. All of the diffraction profiles can be indexed as diffraction peaks due to the hexagonal aluminum nitride (AlN), suggesting that an AlN layer was formed on the AA5052 alloy surface. The results of the measurement are in good agreement with the diffraction data for the standard sample recorded by NIST (National Institute of Standards and Technology). For example, the peak AlN (100) has the experimental value of 33.26 degrees (changed to the value for CuK) that corresponds to the same peak of the standard specimen with the value of 33.21 degrees, and the peak AlN (202) has the experimental value of 81.19 degrees (changed to the value for CuK) that corresponds to same peak with the value of 81.08 degrees. Figure 3 shows a cross-sectional microstructure of the nitrided AA5052 alloy. There are almost no microcracks in the AlN layer in Fig. 3(a) . The thickness of the AlN layer is around 4-5 mm. A comparatively uniform and good adhesion AlN layer can be observed on the AA5052 alloy substrate. The image in the rectangle shown in Fig. 3(a) was enlarged and is shown in Fig. 3(b) . An interface between the AA5052 alloy substrate and the AlN layer can be seen. The pillarshaped grains have different contrasts. The average grain size near the interface is smaller than that near the surface of the AlN layer.
Results and Discussion
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The cross-sectional microstructure of the AlN layer was further investigated using TEM. Figures 4(a)-(c) show some dark field images taken of the spots shown in Fig. 4(d) . The fact that the grains in the AlN layer grow in a pillar shape was identified and these grains have different orientations. Furthermore, some grains display a dendritic crystal structure and these grains may correspond to the AlN particles shown in Fig. 1(c) because they have the same grain size.
In order to clarify the growth process of the nitriding layer, the element concentration across the nitriding layer was measured using an EDX analyzer on the SEM image shown in Fig. 5(a) . The concentrations for Al, N, O and Mg in the AlN layer were measured parallel to the interface and they almost have no variations. The concentration profile measurements for Al, N, O and Mg were carried out over the entire Fig. 2 . In addition, Mg and O likely concentrate at the interface, and a detailed investigation was carried out using an EDX analyzer equipped in TEM. Figure 6 (a) shows the cross-sectional microstructure near the interface with the thickness of 70 nm between the AlN layer and the substrate. The measurement of the Al, Mg and O concentrations was performed from position 1, which is in the substrate, to the position 9, which is in the AlN layer. These results are shown in Fig. 6(b) . Position 1 was set as the origin of the x-axis in Fig. 6(b) . There is an immediate sharp increase at position 5 for the concentration of Mg and O, suggesting Mg and O concentrate at this position. From position 6 to position 9, the concentrations of Mg and O gradually decrease through the interface to the AlN layer and it becomes beyond the detection limit of the EDX analyzer when in the AlN layer. There is almost no magnesium in the AlN layer. It is considered that Al combining with N is easier than Mg combining with N because the Gibbs free energy of AlN is lower than that of Mg 3 N 2 . the substrate and the interface at position d. The diffraction pattern of position e in the interface is shown in Fig. 7 (e). Figure 7 (f) shows the diffraction pattern of the AlN grain at position f. Diffusive diffraction rings can be seen for (d) and (e). It is considered that there are some fine grains existing in the interface and the area next to the interface. They most likely are AlN grains, as identification of the diffraction patterns is difficult.
Conclusions
(1) A 5 mm thick AlN layer was uniformly formed on the surface of the AA5052 alloy at 843 K for 2.7 ks by an EBEP source.
(2) In the AlN layer, pillar-shaped grains are formed and the average grain size near the interface is smaller than that near the surface. (3) On the surface of the AlN layer, the concentration of nitrogen is high. In the middle of the AlN layer, it has a constant concentration like aluminum, and then the concentration decreased while approaching the interface. Magnesium and oxygen concentrate at the interface duo to the formation of MgAl 2 O 4 . The MgAl 2 O 4 has an important role in adhesive for the nitrided AA5052 alloy.
